ABSTRACT: We show that the cooperation of lead thiocyanate additive and a solvent annealing process can effectively increase the grain size of mixedcation lead mixed-halide perovskite thin films while avoiding excess lead iodide formation. As a result, the average grain size of the wide-bandgap mixed-cation lead perovskite thin films increases from 66 ± 24 to 1036 ± 111 nm, and the mean carrier lifetime shows a more than 3-fold increase, from 330 ns to over 1000 ns. Consequently, the average open-circuit voltage of wide-bandgap perovskite solar cells increases by 80 (70) mV, and the average power conversion efficiency (PCE) increases from 13.44 ± 0.48 (11.75 ± 0.34) to 17.68 ± 0.36 (15.58 ± 0.55)% when measured under reverse (forward) voltage scans. The best-performing wide-bandgap perovskite solar cell, with a bandgap of 1.75 eV, achieves a stabilized PCE of 17.18%. R ecently, organic−inorganic hybrid lead (Pb) halide perovskite polycrystalline thin-film solar cells have shown the unusual ability to produce both high opencircuit voltage (V oc ) and high power conversion efficiency (PCE).
R ecently, organic−inorganic hybrid lead (Pb) halide perovskite polycrystalline thin-film solar cells have shown the unusual ability to produce both high opencircuit voltage (V oc ) and high power conversion efficiency (PCE). 1−4 The high V oc in this case is with respect to the bandgap of the absorber, with an alternative parameter to assess the V oc being called the V oc deficit, defined by E g /q − V oc , where E g is the bandgap and q is the elementary charge. Pb halide perovskite solar cells with E g 's smaller than 1.66 eV have shown remarkably small V oc deficits; 5−9 most of them are comparable with that of single-crystalline silicon (Si) solar cells and epitaxial gallium arsenide (GaAs) thin-film solar cells. 10 The small V oc deficits are partially attributed to the unique defect tolerance properties of Pb halide perovskites, as revealed by density functional theory (DFT) calculations. 11−13 Pb halide perovskites also exhibit excellent bandgap tunability. By varying the ratio of bromine (Br) to iodine (I), E g of Pb perovskites with mixed halides can be tuned from 1.58 to 2.20 eV.
14 Importantly, the V oc deficit does not significantly increase as E g increases, 14 making wide-bandgap perovskites extremely suitable for the top cell application in tandem solar cells. Efficient tandem solar cells have been fabricated by combining wide-bandgap perovskite top cells with Si, copper indium gallium diselenide (CIGS), polymer, and perovskite-based low-bandgap bottom cells. 8,9,15−22 So far, the best-performing wide-bandgap Pb halide perovskite solar cell material is reported by Snaith and co-workers and has a composition of FA 0.83 Cs 0.17 Pb(I 0.6 Br 0.4 ) 3 (FA = HC(NH 2 ) 2 (formamidinium), Cs = cesium) (E g = 1.74 eV). The bestperforming cell has a V oc deficit of 0.54 V (V oc = 1.2 V) and a stabilized PCE of 16%.
14 While this performance is excellent, further improvements are needed in order to produce more efficient tandem solar cells. It was reported that incorporating a small amount of Cs is critical for improving the stability of widebandgap perovskites containing mixed I and Br. However, adding Cs can significantly reduce the grain size of perovskite thin films, as reported in the literature, 23 which may limit the device performance.
Two types of film modification approaches, either physical or chemical in nature, have been employed to increase the grain size of perovskite thin films. The physical approaches include "blowing-gas", 24 "solvent annealing", 25 "non-wetting substrate", 26 "hot-casting", 27 and "vacuum-flash". 28 The chemical approaches include a solvent-engineering process 29 and adding additives such as hypophosphorous acid (HPA), 30 MACl (MA = CH 3 NH 3 (methylammonium)), 31, 32 and lead thiocyanate (Pb-(SCN) 2 ). 23,33−35 While the Pb(SCN) 2 additive approach improves the grain size of mixed-cation (FA and Cs) Pb mixed-halide (Br and I) perovskite films that exhibit wide bandgaps, it has an undesirable side effect, that is, the formation of excessive lead iodide (PbI 2 ). 23, 33 While the formation of a small amount of PbI 2 may be beneficial, 23, 25, 33, 36 extensive PbI 2 deteriorates the device performance. 23, 33 This dilemma limits the effectiveness of the Pb(SCN) 2 additive approach for significantly improving the device performance of wide-bandgap mixedcation Pb mixed-halide perovskite solar cells.
In this work, we report the synergistic effects of Pb(SCN) 2 additive and solvent annealing on the performances of widebandgap mixed-cation Pb mixed-halide perovskite solar cells with the regular cell configuration. We show that the cooperation of 1.0 mol % Pb(SCN) 2 First we examined the relationship of composition and bandgap for mixed-cation (FA and Cs) Pb mixed-halide (Br and I) perovskite thin films produced by the antisolvent dripping process described in our earlier work. 23, 33, 34, 37 On the basis of the results reported by Snaith and co-workers, 14 we fixed the FA/Cs molar ratio to be 0. . C 60 -SAM is a fullerene self-assembled monolayer and serves as an interface passivation layer. Spiro-OMeTAD is 2,2′,7,7′-tetrakis(N,N-bis(p-methoxy-phenyl)amino)-9,9′-spirobifluorene and serves as the hole-selective layer (HSL). Au is gold and serves as the back contact. Consistent with reports in the literature, 8, 14 we found no phase separation for all compositions, as seen in the X-ray diffraction (XRD) patterns ( Figure S1a ). The bandgap increases as the Br content increases, as shown in Figure  S1b −d. We found that FA 0.8 Cs 0.2 Pb(I 1−x Br x ) 3 thin films have rather small grains, as revealed by scanning electron microscopy (SEM) ( Figure S2 ). The average grain size increases slightly as the Br content increases. However, the average grain size is only 66 ± 24 nm (measured by ImageJ software) for the perovskite thin film with a composition of FA 0.8 Cs 0.2 Pb(I 0.7 Br 0.3 ) 3 that exhibits the most suitable E g of ∼1.75 eV for the top cell application in tandem cells with the highest predicted PCEs. 38, 39 The resultant solar cell based on FA 0. 8 Figure S4 show that adding a small amount of Pb(SCN) 2 Figure S5a suggest that the perovskite films still exhibit a single perovskite phase. Figure S5b shows the photoluminescence (PL) spectra measured from these films, indicating no significant change in their bandgap values. The average grain size as a function of the amount of Pb(SCN) 2 additive, as measured from the SEM images ( Figure S3 ), is plotted in Figure  S5c . The enlargement in grain size is very clear and significant. Though the grain size increases dramatically, the root-meansquare (RMS) roughness of FA 0.8 Cs 0.2 Pb(I 0.7 Br 0.3 ) 3 thin film only slightly increases, as shown in Figure S5d as measured from the AFM images ( Figure S4 ). Unfortunately, there is a serious adverse side effect for film synthesis using Pb(SCN) 2 additives, that is, the formation of excess PbI 2 precipitates (identified by Xray energy dispersive spectroscopy). When the amount of Pb(SCN) 2 additive is increased to 2.0 mol %, large PbI 2 nanorods are seen on the top of perovskite thin films ( Figure S3e ). We found that though the perovskite films have larger grains, the formation of large PbI 2 nanorods can deteriorate the device performance. As shown in Figure S6 and Table S1 , as the amount of Pb(SCN) 2 additive increases, all average device photovoltaic parameters such as V oc , the short-circuit current (J sc ), the fill factor (FF), and, therefore, the PCE, first increase, reach maximum values at 1.0 mol % Pb(SCN) 2 additive, and then decrease. The maximum average PCE is 16.46 ± 0.37 (14.30 ± 0.65)% measured under reverse (forward) voltage scans, which is much higher than that of FA 0.8 Cs 0.2 Pb(I 0.7 Br 0.3 ) 3 (13.44 ± 0.48 (11.75 ± 0.34)%) thin-film solar cells without Pb(SCN) 2 additive. This should be attributable to the improvement on the grain size by the 1.0 mol % Pb(SCN) 2 additive (66 ± 24 vs 363 ± 111 nm). The results encouraged us to keep exploring approaches to further increase the grain size and eliminate the formation of excessive PbI 2 .
We then explored the possibility of using solvent annealing to increase the grain size of FA 0.8 Cs 0.2 Pb(I 0.7 Br 0.3 ) 3 thin films. In our solvent annealing process, the as-deposited perovskite thin films with and without Pb(SCN) 2 additives were annealed at 65°C for 2 min and then 100°C for 5 min. During the entire annealing process, the thin films were covered by a glass Petri dish with the presence of 10 μL dimethylformamide (DMF). As shown in Figure 1a ,b, solvent annealing can also increase the average grain size, from 66 ± 24 to 227 ± 103 nm. The grain size enlargement is slightly smaller than the use of 1.0 mol % Pb(SCN) 2 additive, shown in Figure 1c . The average PCE of the devices fabricated using solvent annealing is 15.10 ± 0.38 (12.49 ± 0.36)% measured under reverse (forward) voltage scans, which is slightly higher than that of the solar cells without solvent annealing and no Pb(SCN) 2 additive but slightly lower than the average PCE of the solar cells using 1.0 mol % Pb(SCN) 2 additive. Surprisingly, we found that the combination of 1.0 mol % Pb(SCN) 2 additive and solvent annealing ( Figure S7 ) led to a significantly increased grain size (from 66 ± 24 to 1036 ± 317 nm), while avoiding the formation of excessive PbI 2 for FA 0.8 Cs 0.2 Pb(I 0.7 Br 0.3 ) 3 thin films, as shown in Figure 1d . As shown in Figure 1e , the average grain size becomes much larger than the film thickness after applying the combination of 1.0 mol % Pb(SCN) 2 additive and solvent annealing. Although the exact mechanism of the structural evolution during the growth and annealing process is not known yet, a recent paper by Zhou et al. provided some useful insights, 40 that is, while the Pb(SCN) 2 additive may form CH 3 NH 2 gas, which can enlarge perovskite grains, 33 the presence of DMF vapor may promote coarsening by Ostwald ripening in competition with nucleation. It is worth noting that even with such large enhancement in grain size, the perovskite thin films are still smooth, with an average RMS roughness of 19.14 ± 0.90 nm, measured by AFM. The XRD patterns ( Figure S8a) show that the FA 0.8 Cs 0.2 Pb(I 0.7 Br 0.3 ) 3 thin film without Pb(SCN) 2 additive or solvent annealing (labeled as 0% Pb(SCN) 2 ), the film with only solvent annealing (labeled as 0% Pb(SCN) 2 + SA), and the film with only Pb(SCN) 2 additive (labeled as 1% Pb(SCN) 2 ) exhibit a slightly (101) preferred orientation. However, the film with combined Pb(SCN) 2 additive and solvent annealing (labeled 1% Pb(SCN) 2 ) + SA) shows a slightly (100) preferred orientation. The growth mechanism for the films with combined Pb(SCN) 2 additive and solvent annealing is still unknown but is worth exploring in further studies. Furthermore, optical absorbance and PL emission measurements show that the combined 1.0 mol % Pb(SCN) 2 additive and solvent annealing do not significantly change the bandgap of the FA 0.8 Cs 0.2 Pb(I 0.7 Br 0.3 ) 3 absorber thin films, as seen in Figure S8b . Therefore, the FA 0.8 Cs 0.2 Pb-(I 0.7 Br 0.3 ) 3 perovskite absorber thin films after applying combined 1.0 mol % Pb(SCN) 2 additive and solvent annealing maintain a E g of 1.75 eV and exhibit large grains, smooth surface, and without excessive PbI 2 precipitates, which are highly desirable features for fabricating efficient thin-film solar cells. It should be noted that if the concentration of Pb(SCN) 2 additives exceeds 1.5 mol %, the solvent annealing cannot fully avoid the formation of excessive PbI 2 . Figure S9a , and an average FF of 77.78 ± 1.39 (72.45 ± 1.62) when measured under reverse (forward) voltage scans. Compared with the devices without Pb(SCN) 2 additive and solvent annealing, the average V oc , J sc , and FF are increased by 6.96 (6.42), 6.69 (6.56), and 15.14 (17.14)%, respectively, when measured under reverse (forward) voltage scans. As a result, the PCE is increased by 31.55 (32.60)%. Because all of our perovskite solar cells used the same cell configuration, including the ESL and HSL, we anticipate that the improvements in device performance caused by the combined 1.0 mol % Pb(SCN) 2 additive and solvent annealing process originated from the improved quality of the perovskite absorber layers. We carried out detailed characterizations to confirm this anticipation using time-resolved photoluminescence (TRPL) and EQE. Figure 4a shows the TRPL decays of FA 0.8 Cs 0.2 Pb-(I 0.7 Br 0.3 ) 3 thin films processed with different conditions: 0% Pb(SCN) 2 , 0% Pb(SCN) 2 + SA, 1% Pb(SCN) 2 , and 1% Pb(SCN) 2 + SA. For these measurements, the perovskite films were coated with thin layers of poly(methyl methacrylate) (PMMA) to protect the film surfaces and reduce surface recombination. PL decay curves were biexponential in nature and were fitted by iterative reconvolution with the measured system response function. The mean carrier lifetimes for the biexponential fit were calculated by the weighted average method 37, 41 and are listed in Table S3 . These four samples have mean carrier lifetimes of 332, 546, 631, and 1081 ns, of which the trend corresponds very well with the trend of their average grain sizes (66 ± 24, 227 ± 103, 363 ± 111, and 1036 ± 318 nm) as measured from the SEM images (Figure 1) 2 , and 1% Pb(SCN) 2 + SA) are shown in Figure 4b . As indicated by the box (purple dash line), the main differences among these EQE curves are at the longer wavelength regions of 600−720 nm. The device with 1% Pb(SCN) 2 + SA shows higher EQE values in these regions than the cells with 0% Pb(SCN) 2 , 0% Pb(SCN) 2 + SA, 1% Pb(SCN) 2 , and 1% Pb(SCN) 2 . A longer wavelength indicates a deeper location (closer to the HSL/Au interface) for charge carrier generation. The photogenerated electrons must travel a longer distance before they can be collected. Therefore, a higher EQE value in the longer wavelength region confirms a lower carrier recombination rate. Thus, the EQE results shown in Figure 4b are consistent with the TRPL results shown in Figure  4a .
In summary, we have demonstrated the synergistic effects of Pb(SCN) 2 additive and solvent annealing on the performances of wide-bandgap mixed-cation lead mixed-halide perovskite solar cells. We found that the combination of 1.0 mol % Pb(SCN) 2 additive and solvent annealing can significantly increase the grain size of wide-bandgap FA 0.8 Cs 0.2 Pb(I 0.7 Br 0.3 ) 3 perovskite thin films as compared to the films without Pb(SCN) 2 additive and without solvent annealing (66 ± 24 nm vs 1036 ± 111 nm) and also avoids the formation of excessive PbI 2 , which is an inevitable biproduct of the solvent annealing-free Pb(SCN) 2 
